The porcine myofibrillar protein hydrolysate obtained by a papain treatment showed antioxidative activity in a system of linolenic acid peroxidation induced by Fe 2þ . The five peptides, DSGVT, IEAEGE, DAQEKLE, EELDNALN, and VPSIDDQEELM, have been characterized as antioxidative peptides (Saiga et al., J. Agric. Food Chem., 51, 3661-3667 (2003)). These peptides were synthesized and their antioxidative activity evaluated. The antioxidative activity of four peptides, excluding DSGVT, was confirmed by their addition at 0.1% to the peroxidation system. To clarify the mechanism for the antioxidative activity of these peptides, their short peptides with amino acid deletions at the C-or N-termini were synthesized. The antioxidative activity gradually decreased with decreasing peptide length. Replacing the charged amino acids in these peptide sequences with Ala also affected their antioxidative activity. We hypothesize that the anions from acidic amino acids and the cations from iron interacted with each other and inactivated the prooxidant, Fe (II).
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It is well known that lipid peroxidation occurring in food products causes deteriorating food quality involving a rancid flavor, unacceptable taste and shortened shelf life. Reactive oxygen species produced by lipid peroxidation can also attack DNA and protein, leading to many health disorders. [1] [2] [3] [4] Such substances as polyphenols, vitamins, proteins, peptides, and amino acids possessing anti-oxidative activity have been reported. There have been many reports in the last two decades on protein hydrolysates possessing antioxidative activity. Protein hydrolysates derived from pumpkin, 5) potato, 6) soybean, 7) whey protein, 8) loach, 9) and egg 10) have been shown to possess antioxidative activities. The amino acid sequences of some antioxidative peptides in these hydrolysates have been revealed. YA and LMCH derived from a zein hydrolysate have free-radicalscavenging activity (ABTS, DPPH, O 2À ). 11 ) HGPLGPL has been isolated from a hoki skin gelatin hydrolysate; it had free-radical-scavenging activity and maintained the redox balance in cultured human cells. 12) GGFDMG has been isolated from the skin gelatin hydrolysate of the Japanese flounder. This peptide protected against the cellular oxidative damage induced by hydrogen peroxide. 13) The tripeptide, YGS, derived from defatted peanut meal has prevented cell injury caused by H 2 O 2 and lipid peroxidation. 14) However, there is little information about the antioxidative activity and peptide structure of antioxidants derived from food proteins or the antioxidative activity of acidic amino acids. We have previously reported on a porcine myofibrillar protein hydrolysate obtained by a papain treatment in an aqueous linolenic acid system by which peroxidation was induced by Fe 2þ . Five kinds of acidic peptide (DSGVT, IEAEGE, DAQEKLE, EELDNALN, and VPSIDDQEELM) were isolated and characterized as antioxidative peptides in the hydrolysate. 15) We synthesized in the present study several peptides based on these antioxidative peptides and investigated their antioxidative mechanisms, with a special focus on the peptide length and charged amino acids. This knowledge will be useful for a better understanding of the antioxidative activity and peptide structure in vitro.
Materials and Methods
Materials. Fresh pork (longissimus dorsi muscle from Landrace Â Large White Â Duroc hybrid pigs) was obtained from Nippon Meat Packers (Osaka, Japan). Amino acid derivatives for peptide syntheses were purchased from Shimadzu Co. (Kyoto, Japan). Linolenic acid and iron (II) chloride tetrahydrate were purchased from Kanto Kagaku Co. (Tokyo, Japan). All other chemicals used were of reagent grade.
Preparation of the myofibrillar protein hydrolysate. Myofibrillar proteins were prepared from fresh pork muscle by the method described in a previous report.
15 ) The myofibrillar proteins were incubated at a 100:1 (w/w) ratio with papain in distilled water (pH 7.0) at 37 C for 24 h. After this incubation, 4 volumes of ethanol (99.5%) were added to the reaction mixture to remove the unhydrolyzed proteins, and the solution was centrifuged at 2000 g for 10 min. The supernatant after centrifugation was concentrated by evaporating at 45 C and adjusted to a suitable concentration with distilled water.
Peptide synthesis. Peptides were synthesized by the fluorenylmethoxycarbonyl strategy with a PSSM-8 simultaneous multiple peptide synthesizer (Shimadzu Co., Kyoto, Japan). After being synthesized, the peptides were purified by HPLC for 100 min (5.0 mL/min flow rate, monitoring at 220 nm) in a PEGASIL-300 ODS column (20 Â 250 mm;
y To whom correspondence should be addressed. Tel: +81-422-51-6121; Fax: +81-422-51-9984; E-mail: toshixy@nvlu.ac.jp Abbreviations: DPPH, 1,1-diphenyl-2-picrylhydrazyl; ABTS, 2,2 0 -azinobis (3-ethyl-benzothiazoline-6-sulphonate) radical Senshu Scientific Co., Japan) with a linear gradient of 0% to 50% CH 3 CN containing 0.1% trifluoroacetic acid. The molecular mass of each isolated peptide was determined with an LC-Q ESI mass spectrometer (Thermo Finnigan, San Jose, CA, USA). All sequences of the synthetic peptides are shown in Table 1 .
Peroxidation system. We used the peroxidation system reported by Chen et al. 7) with minor modification. Ten milligrams of linolenic acid in 4 mL of a 0.1 M K-phosphate buffer (pH 7.0) containing 0.5% Triton X-100 (w/v) and 0.05 mM FeCl 2 as an oxidation accelerator were sonicated and heated in a water bath at 80 C for 60 min.
Measurement of the hydroperoxides. The hydroperoxides in the peroxidation system before and after heating for 60 min were measured by using the method previously described. 15) A 100-mL reaction mixture was mixed with 4.5 mL of 75% ethanol, 100 mL of 30% ammonium thiocyanate, 200 mL of 1 N HCl, and 100 mL of 20mM ferrous chloride in 3.5% HCl. This mixture was analyzed at a wavelength of 500 nm.
Molecular mass changes of the synthetic peptides after linolenic acid auto-oxidation. Each synthetic peptide was incubated in a peroxidation system at 80 C for 60 min. The reaction buffers were analyzed by HPLC in a PEGASIL-300 ODS column (4:6 Â 250 mm; Senshu Scientific Co., Japan) with the linear gradient method already described (1.0 mL/min flow rate, monitoring at 220 nm). The molecular mass changes of the isolated peptides resulting from the reactions were determined with an ESI mass spectrometer.
Measurement of the metal ion chelating activity. The metal ion chelating activity was evaluated by chelate titration, using pyrocatechol violet (PV) as the metal chelating indicator. One milliliter of 2 mM CuSO 4 was mixed with pyridine (pH 7.0) including 20 mL of PV. The blue complex of PV with CuSO 4 turned to yellow when PV dissociated Cu ions in the presence of a chelating agent. The change in color of the PV solution was measured at 623 nm. The chelating activity was calculated as follows:
Chelating activity (%) ¼ ð1 À absorbance of sample at 632 nm =absorbance of control at 632 nm) Â 100 Statistical analysis. All assays were performed in triplicate. Data are expressed as the mean with standard deviation. Results were subjected to analysis of variance by using SAS software (SAS Institute, Cary, NC, USA), and significant differences (p < 0:05) were evaluated by the least significant difference procedure.
Results and Discussion
Antioxidative activity of the synthesized peptides The antioxidative activity of the peptides synthesized from the five kinds of acidic peptide is shown in Fig. 1 .
Four peptides showed antioxidative activity at a concentration of 0.1% in an aqueous lipid peroxidation system. The sample concentration for DSGVT and IEAEGE was 1.5 mM, for DAQEKLE was 1.2 mM, for EELDNALN was 1.1 mM, and for VPSIDDQEELM was 0.8 mM, DSGVT having no antioxidative effect at 0.1%.
After evaluating the antioxidative activity, all samples were collected and analyzed by reverse-phase HPLC in a reaction solution. The peptides recovered from the reaction buffer were investigated further by mass spectrometry to confirm their antioxidative properties. There was no change in four of the peptides, while VPSIDDQEELM showed a derivative peak ( Fig. 2A-b) , and mass spectrometry revealed a peak at 1291 m=z (Fig. 2B-a) . This increase in molecular weight corresponded to the presence of an oxygen atom. This peptide contained methionine in its structure. Met reacts with a variety of reactive oxygen species and changes the side chain structure to methionine sulfoxide to protect the proteins from oxidative damage. 16) We estimated that the antioxidative properties of S81 owed little to the presence of Met. In our previous report, 15) a porcine myofibrillar hydrolysate showed metal ion chelation and free radical scavenging activity. The antioxidative activity of the four other peptides that showed no change in molecular mass is therefore likely to have occurred though metal chelation and free-radical scavenging activity.
Effect of peptide length on the antioxidative activity To clarify the relationship between the peptide length and antioxidative activity, short peptides based on DAQEKLE but with deletion of the amino acids at the C-or N-terminus were synthesized. The antioxidative activity gradually decreased with decreasing peptide length (Fig. 3) . The molar concentrations were 1.2 mM for S35, 1.4 mM for S35-C1, 1.6 mM for S35-C2, 2.2 mM for S35-C3, 1.5 mM for S35-N2, and 1.9 mM for S35-N3. The molar concentration increased with decreasing length of the peptides. Carnosine is one of the antioxidative peptides detected in pork muscle. NLong-chain-acetyl carnosine has been reported to have greater antioxidative activity than intact carnosine. 17) Hydrophobicity has been found important for increasing the antioxidative activity, because it increased fatty acid accessibility and facilitated anti-peroxidation activity. 7) In particular, the deletion of two amino acids at the Cterminus (S35-C2) dramatically decreased the activity when compared with that of S35-C1. Since the hydrophobic amino acid, Leu, could possibly interact with oxidized lipids, the deletion of Leu seemed to have caused the decrease in antioxidative activity of S35-C2.
The metal-ion chelating activity is affected by the side-chain composition of the terminal amino acids on the peptide. S35-N2 has Gln at the N-terminus, and Gln has carbamoyl (-CONH 2 ) in its structure. The carbonyl group (-CO-) acts as a ligand molecule and enables the formation of a stable complex molecule with the metal ion. In S35-N2, the presence of Gln at the N-terminus enables the metal ion to be trapped more powerfully; therefore, a difference in antioxidative activity was detected between peptides of the same length, namely S35-C2 and S35-N2.
Effect of charged amino acids on the antioxidative peptides
The antioxidative peptides isolated from the hydrolysate by the papain treatment were acidic peptides having acidic amino acids (Asp or Glu, or both) in their sequences. Fe (II) was used to accelerate lipid peroxidation in this oxidation system. Acidic amino acids are negatively charged in a neutral pH solution. We therefore postulated that anions from the acidic amino acids and cations from Fe (II) would interact with each other and inactivate the pro-oxidant, Fe (II). Indeed, the deletion of Glu in IEAEGE degraded the antioxidative activity (Fig. 4) , although the molar concentration of the peptide was increased (1.5 mM for S33, 2.1 mM for S33 (E/A)). Replacement of Lys, Asp, and Glu in DAQE-KLE with Ala also reduced the antioxidative activity, although the extent of the reduction was less than that in the case of IEAEGE. This peptide had fewer acidic amino acids, and had the positively charged amino acid, Lys, in its sequence. Lys has antioxidative activity through its "-amino group. 18) However, the influence of Lys deletion on the antioxidative activity was smaller than that of the deletion in IEAEGE which contained only acidic amino acids. The participation of Lys may have been reduced by the interaction of positively and negatively charged amino acids. To elucidate the relationship between the antioxidative activity and charged amino acids, we synthesized three kinds of peptide based on S35 (Table 1) . A change in the negatively charged amino acid (S35(K/A)) affected the antioxidative activity more than did replacement of generates . OH by the Fenton reaction, by which the lipid peroxidation chain reaction is accelerated. The chelation of metal ions therefore contributes to antioxidation. We measured the chelating activity of each peptide (except DSGVT) by using PV and Cu 2þ . Figure 6 shows the Cu 2þ -chelating activity of each peptide. EDTA was used as a positive-control metalchelating agent. The complex of PV and Cu 2þ absorbed blue light at 632 nm, whereas PV dissociated from a metal ion did not show this absorption. A PV complex containing 2 mM Cu 2þ as a control had an absorbance at 632 nm of 1.0. The addition of a half-concentration of EDTA (1 mM EDTA) to the PV and Cu 2þ mixture resulted in disappearance of the blue color and a decline in the absorption at 632 nm, from 1.0 to 0.38. The absorbance of each sample was measured at the concentration for the endpoint of titration. The chelating ability of S33, S35 and S61 was weaker than that of authentic peptides, the respective final concentrations for the endpoint of S33, S35 and S61 being 0.254 mM, 0.197 mM and 0.178 mM. The chelating activity of each peptide was 27% (S35), 30% (S33), 35% (S61) and 52% (S81). This result well reflects the differences in strength of the peptides. Metal-chelating activity is therefore one of the strong antioxidative properties of many acidic amino acid-containing peptides.
To our knowledge, this is the first report to describe the relationships between the antioxidative properties of peptides derived from a meat protein hydrolysate and their length and amino acid charge, especially with respect to the acidic amino acids. This information will help our understanding of the mechanism by which peptides exert their antioxidative effects on the lipid peroxidation induced by metal ions. The absorbance of each sample was measured at the concentration for the endpoint of titration. 1, in the absence of a metal-chelating agent; 2, S35 (0.197 mM, upper line); 3, S33 (0.254 mM, lower line); 4, S61 (0.178 mM); 5, S81 (0.128 mM); 6, EDTA (1 mM).
